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Neonatal hypoxia, a prevalent complication during the perinatal period, poses a serious threat to 
the health of newborns. The intestine, as one of the most metabolically active organs under stress 
conditions, is particularly vulnerable and susceptible to hypoxic injury. Using a neonatal hypoxic mouse 
model, we systematically investigated hypoxia-induced intestinal barrier damage and underlying 
mechanisms. Hypoxia caused significant structural abnormalities in the ileum and distal colon of 
neonatal mice, including increased numbers of F4/80+ cells (p = 0.0031), swollen mucus particles 
(p = 0.0119), and disrupted tight junction. At the genetic level, hypoxia caused dysregulation of the 
expression of genes involved in intestinal barrier function, including antimicrobial activity, immune 
response, intestinal motility, and nutrient absorption. Further 16 S rDNA sequencing revealed 
hypoxia-driven gut microbiota dysbiosis with general reduced microbial abundance and diversity 
(Chao1 = 0.1143, Shannon = 0.0571, and Simpson = 0.3429). Structural dysbiosis of the gut microbiota 
consequently perturbed metabolic homeostasis, especially enhancing the activity of glycolipid 
metabolism. Notably, results showed that hypoxia may interfere with neurotransmitter metabolism, 
thereby increasing the risk of neurological disorders.
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Neonatal hypoxia, a common complication occurring during the perinatal period, poses a severe threat to 
neonatal health. It can not only lead to acute symptoms such as death, cardiac arrest, and metabolic disorders 
but also trigger chronic sequelae encompassing cerebral palsy, epilepsy, intellectual disability, cognitive and 
behavioral deficits. A multitude of factors including infections, heat stress, preeclampsia, abnormal delivery 
processes and their complications, maternal hypoxia, and respiratory failure, can create conditions conducive 
to neonatal asphyxia, thereby challenging the development and function of multiple systems1-5. Furthermore, 
neonatal hypoxia exerts a deleterious impact on various organs, including the myocardium, kidneys, lungs, and 
gastrointestinal tract, leading to widespread tissue damage. As the pivotal organ, the intestine fulfills essential 
roles in nutrient uptake, waste elimination, toxin detoxification, and serves as a critical immune and endocrine 
organ6. During the neonatal period, the intestine is particularly vulnerable and susceptible to injury. Among 
premature neonates suffering from neonatal hypoxia, necrotizing enterocolitis (NEC) emerges as a leading cause 
of early neonatal demise, characterized by necrosis of the intestinal mucosa and submucosa7,8.

In recent years, there has been a growing research focus on the implication of hypoxia on the intestinal 
microenvironment and the crucial role of the intestine in neonatal development. In diverse pathological 
symptoms related to hypoxia, such as acute mountain sickness9-12, intrauterine hypoxia13, and intermittent 
hypoxia as seen in Obstructive Sleep Apnea Syndrome (OSAS), perturbations in the gut microbiota diversity 
and composition have been documented. These findings implicate hypoxia as a potential contributor to gut 
microbiota disturbances. Notably, studies have demonstrated that antibiotic-mediated depletion of gut 
microbiota can mitigate intestinal damage caused by hypoxia9, further corroborating a causal link between 
hypoxia and intestinal injury. Moreover, given the close interplay between the intestine and other organs, 
intestinal damage is likely interconnected with dysfunction in distant organs. For instance, both non-alcoholic 
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fatty liver disease and alcoholic liver disease are thought to be associated with disruption in the gut-liver axis 
through the gut microbiota14. Several neurological disorders, including Parkinson’s Disease (PD) and autism, 
have also been linked to gut-brain axis microbiota dysfunction15-19, with evidence suggesting a connection 
between leaky gut and social impairments in humans20. The integrity of the intestinal barrier, structurally and 
functionally, is generally regarded as a modulator of interactions between the intestine and other systems14,21. 
Numerous studies have reported that neonatal hypoxia results in gut bacterial translocation and subsequent 
remote organ damage, highlighting the interconnectedness between the intestinal microenvironment and other 
systems and organs. Thus, could the spectrum of neonatal diseases stemming from hypoxia be attributed to 
intestinal damage? During early life stages, the composition of the gut microbiota is dynamic and influenced by 
a complex interplay of host and environmental factors22. How does neonatal hypoxia perturb the microbiota and 
affect intestinal barrier function? Could the modulation of gut microbiota represent a viable strategy to prevent 
further intestinal and systemic organ damage resulting from neonatal hypoxia? Consequently, elucidating the 
impact of neonatal hypoxia on the intestinal microenvironment is of paramount importance.

To delve into this issue, this project will employ a neonatal hypoxia mouse model to mimic the hypoxic 
conditions experienced by humans during the 23rd to 32nd weeks of gestation and conduct a comprehensive 
assessment of hypoxia’s effects on intestinal function from multiple perspectives within the intestinal 
microenvironment, to provide insights and references for clinical diagnosis and treatment.

Materials and methods
Construction of the neonatal hypoxia model
All procedures strictly adhered to the ARRIVE guidelines and were approved by the Institutional Animal Care 
and Use Committee of the Hangzhou Normal University. The pregnant C57BL/6 inbred mice (n = 6) at gestational 
day 12 (GD12) were purchased from the China National Laboratory Animal Research Center (Shanghai, China) 
were housed under a 12-h light/dark cycle (22 ± 2◦C) and fed with a standard chow diet and water. The cages 
and water bottles were sterilized every day. Pregnant mice were allowed to deliver spontaneously, with litter sizes 
ranging from 6 to 10 pups per cage, and the body weight of the offspring was measured with a precision of 0.01 g 
on day 3 prior to the experimental procedures. Individuals exhibiting notably low body weight were excluded 
from being utilized as experimental specimens for subsequent investigations. Then mice pups with their mother 
were subjected to chronic sublethal hypoxia [10% fraction of inspired oxygen (FiO2)] starting at postnatal day 3 
to day 10. Hypoxic mice pups were compared to normoxic mice at postnatal Days 10. At least 6 mice per group 
were used for all experiments. All endeavors were made to minimize the suffering of the animals involved in the 
experiment.

Histological analyses
The ileal and distal colonic tissues obtained from the normoxia and hypoxia groups were fixed with 
paraformaldehyde and subsequently embedded in paraffin paraffin-embedded and then cut into 5-µm thick 
sections. These sections were then deparaffinized and stained with haematoxylin & eosin (Servicebio, Wuhan, 
China) and examined under a microscope (Leica, DM6B, Germany). Glycan detection was performed through 
periodic acid-Schiff (PAS) and alcian blue (AB) (Servicebio, Wuhan, China) staining to visualize the general 
intestinal carbohydrate moieties.

Gene expression analysis
Total RNA from ileum and colon was extracted separately using the RNAiso Plus reagent (Takara, Dalian). The 
concentration, quality, and integrity of the RNA was assessed by Bioteke ND5000 instrument (Bioteke Scientific, 
Beijing, China). The cDNA was synthesized using HiScript® III RT SuperMix for qPCR (+ gDNA wiper) kit 
(Vazyme, Nanjing, China). Real-time quantitative polymerase chain reaction (RT-qPCR) was performed using 
ChamQ Universal SYBR qPCR Master Mix kit (Vazyme, Nanjing, China) in a MasterCycler thermocycler 
(CFX96, Bio-Rad) following the manufacturer’s instructions. The relative mRNA levels of the genes were shown 
after normalized to those of Gapdh. The primers were synthesized by Sangon Biotech (Shanghai, China), and the 
detailed primer sequences are listed in Table 1.

Immunohistochemistry and immunofluorescence staining
Immunohistochemical and immunofluorescence analyses were adopted as previously described23. Briefly, 
for the immunohistochemical analysis, the deparaffinized tissue sections were subjected to antigen retrieval, 
blocking of endogenous peroxidase, 3% bovine serum albumin blockage and incubated with primary antibodies 
(rabbit anti-F4/80 (1:500, Servicebio) over night at 4  °C. On the next day, appropriate secondary HRP-
conjugated antibodies were used at room temperature (RT, 20–25 °C) for 1 h. The sections were developed using 
3,3-diaminobenzidine tetrahydrochloride and counterstained using haematoxylin. For the immunofluorescence 
assay, the deparaffinized tissue sections were subjected to 5% goat serum with 0.1% TritonX-100 blockage, 
followed by incubation with the rabbit anti-ZO-1 (1:200, Servicebio) primary antibodies overnight at 4 °C and 
followed by incubation with Alexa Fluor™ 488-conjucted goat anti-rabbit IgG (H + L) as secondary antibody and 
4′,6-diamidino-2-phenylindole (DAPI).

16 S rDNA sequencing and data analysis
Microbial genomic DNA was extracted from colon contents using the GHFDE100 DNA isolation kit 
(GUHE, Hangzhou, China), following the manufacturer’s instructions. After quantified and characterized, 
the 16S rRNA genes V4 region of the extracted DNA was amplified using the forward primer 515F (5’- 
GTGCCAGCMGCCGCGGTAA-3’) and the reverse primer 806R (5’- GGACTACHVGGGTWTCTAAT-3’). 
The amplicons were pooled, purified, and sequenced using the NovaSeq6000 platform at GUHE Info 
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Primers Sequence (5’→3’) bp

Lyz-F ​G​A​G​A​C​C​G​A​A​G​C​A​C​C​G​A​C​T​A​T​G 21

Lyz-RV ​C​G​G​T​T​T​T​G​A​C​A​T​T​G​T​G​T​T​C​G​C 21

Pla2g4a-F ​G​G​C​C​T​T​T​G​G​C​T​C​A​A​T​A​C​A​G​G​T​C 22

Pla2g4a-RV ​A​C​A​G​T​G​G​C​A​T​C​C​A​T​A​G​A​A​G​G​C​A 22

Ang4-F ​T​G​G​C​C​A​G​C​T​T​T​G​G​A​A​T​C​A​C​T​G 21

Ang4-RV ​G​C​T​T​G​G​C​A​T​C​A​T​A​G​T​G​C​T​G​A​C​G 22

Defa3-F ​T​C​C​T​C​C​T​C​T​C​T​G​C​C​C​T​C​G​T 19

Defa3-RV ​G​A​C​C​C​T​T​T​C​T​G​C​A​G​G​T​C​C​C 19

Defa5-F ​G​T​C​C​A​G​G​C​T​G​A​T​C​C​T​A​T​C​C​A 20

Defa5-RV ​G​A​T​T​T​C​T​G​C​A​G​G​T​C​C​A​A​A​A 19

Defa20-F ​G​A​C​C​T​G​C​T​C​A​G​G​A​C​G​A​C​T​T​T 20

Defa20-RV ​G​C​C​T​C​A​G​A​G​C​T​G​A​T​G​G​T​T​G​T 20

Cftr-F ​A​A​G​G​C​G​G​C​C​T​A​T​A​T​G​A​G​G​T​T 20

Cftr-RV ​A​G​G​A​C​G​A​T​T​C​C​G​T​T​G​A​T​G​A​C 20

Nkcc1-F ​C​A​A​G​G​G​T​T​T​C​T​T​T​G​G​C​T​A​T 19

Nkcc1-RV ​T​C​A​C​C​T​G​A​G​A​T​A​T​T​T​G​C​T​C​C 20

Ano1-F ​A​G​C​A​G​G​C​T​T​C​T​G​A​C​C​A​T​C​A​C 20

Ano1-RV ​C​A​C​G​T​C​C​A​G​A​C​G​A​C​A​C​A​A​G​A 20

Nhe3-F ​T​G​G​C​A​G​A​G​A​C​T​G​G​G​A​T​G​A​T​A​A 21

Nhe3-RV ​C​G​C​T​G​A​C​G​G​A​T​T​T​G​A​T​A​G​A​G​A 21

Slc26A3-F ​G​T​C​T​A​C​T​G​A​A​C​T​T​C​G​G​G​G​T​G​A​T 22

Slc26A3-RV ​G​T​A​A​A​A​T​C​G​T​T​C​T​G​A​G​G​C​C​C​C 21

Slc26A6-F ​C​C​A​A​A​C​A​T​A​G​G​A​G​G​C​A​A​T​C​C 20

Slc26A6-RV ​G​G​T​A​T​C​C​T​G​T​G​C​G​T​G​A​A​T​G​G​C​T​C 23

TNFα-F ​T​T​G​G​T​T​A​G​C​C​A​C​T​C​C​T​T​C 18

TNFα-RV ​C​C​C​T​C​A​C​A​C​T​C​A​G​A​T​C​A​T​C​T​T​C​T 23

IL-1β-F ​T​T​C​A​G​G​C​A​G​G​C​A​G​T​A​T​C​A​C​T​C 21

IL-1β-RV ​G​A​A​G​G​T​C​C​A​C​G​G​G​A​A​A​G​A​C​A​C 21

IL-6-F ​G​T​C​C​T​T​C​C​T​A​C​C​C​C​A​A​T​T​T​C​C 21

IL-6-RV ​G​C​T​A​C​G​A​C​G​T​G​G​G​C​T​A​C​A​G 19

IL-17-F ​C​C​A​C​G​T​C​A​C​C​C​T​G​G​A​C​T​C​T​C 20

IL-17-RV ​C​T​C​C​G​C​A​T​T​G​A​C​A​C​A​G​C​G 18

IFN-γ-F ​T​C​A​A​G​T​G​G​C​A​T​A​G​A​T​G​T​G​G​A​A​G​A​A 24

IFN-γ-RV ​T​G​G​C​T​C​T​G​C​A​G​G​A​T​T​T​T​C​A​T​G 21

Sct-F ​G​C​T​G​T​G​G​T​C​G​A​A​C​A​C​T​C​A​G​A 20

Sct-RV ​G​A​G​A​C​A​G​G​G​A​C​C​C​A​T​C​C​A​G 19

Neurog3-F ​A​C​T​G​C​T​G​C​T​T​G​T​C​A​C​T​G​A​C​T​G 21

Neurog3-RV ​A​T​G​G​T​G​A​G​C​G​C​A​T​C​C​A​A​G 18

Insl5-F ​G​C​A​T​T​T​C​C​A​C​T​C​T​C​A​A​C​A​A​G​C 21

Insl5-RV ​G​A​T​G​G​C​T​C​G​T​G​C​C​T​G​T​C​T​A 19

Agr2-F ​C​C​T​C​A​A​C​C​T​G​G​T​C​T​A​T​G​A​A​A​C​A 22

Agr2-RV ​A​C​C​G​T​C​A​G​G​G​A​T​G​G​G​T​C​T 18

Tff3-F ​C​T​G​G​G​A​T​A​G​C​T​G​C​A​G​A​T​T​A​C​G 21

Tff3-RV ​C​A​T​T​T​G​C​C​G​G​C​A​C​C​A​T​A​C 18

Gfi1-F ​A​T​G​T​G​C​G​G​C​A​A​G​A​C​C​T​T​C 18

Gfi1-RV ​A​C​A​G​T​C​A​A​A​G​C​T​G​C​G​T​T​C​C​T 20

Spdef-F ​G​A​T​G​T​A​C​T​G​C​A​T​G​C​C​C​A​C​C​T 20

Spdef-RV ​G​G​A​G​G​C​G​C​A​G​T​A​G​T​G​A​A​G​G 19

Muc1-F ​G​C​A​G​T​C​C​T​C​A​G​T​G​G​C​A​C​C​T​C 20

Muc1-RV ​C​A​C​C​G​T​G​G​G​C​T​A​C​T​G​G​A​G​A​G 20

Muc2-F ​T​A​C​G​C​T​C​T​C​C​A​C​C​A​G​T​T​C​C​T 20

Muc2-RV ​C​A​G​C​T​C​T​C​G​A​T​G​T​G​T​G​T​G​T​A​G​G​T 23

Muc3-F ​T​G​G​T​C​A​A​C​T​G​C​G​A​G​A​A​T​G​G​A 20

Muc3-RV ​T​A​C​G​C​T​C​T​C​C​A​C​C​A​G​T​T​C​C​T 20

Klf4-F ​A​G​A​G​G​A​G​C​C​C​A​A​G​C​C​A​A​A​G​A​G​G 22

Klf4-RV ​C​C​A​C​A​G​C​C​G​T​C​C​C​A​G​T​C​A​C​A​G​T 22

Continued
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Technology Co., Ltd (Hangzhou, China). Sequence data analyses were mainly performed using QIIME2 and R 
packages (v3.6.3). Statistical analyses of sample variations were performed using PERMANOVA (Permutational 
Multivariate Analysis of Variance) to quantify the contribution (R² value) of various grouping factors to the 
observed differences, while the statistical significance (p-value) of these contributions was assessed through 
permutation testing. Taxa abundances at the phylum, class, order, family, genus and species levels were 
statistically compared among groups by Kruskal–Wall is rank-sum test from R stats package. All statistical tests 
P < 0.05 were considered statistically significant. The identification of microbial biomarkers was used linear 
discriminant analysis Effect Size (LEfSe; version 1.0), and the impact of the differences in the abundance of each 
species was assessed by linear discriminant analysis (LDA). Function prediction analysis (KEGG enzymes and 
MetaCyc pathway) was performed using PICRUSt2 according to KEGG database24-26. The output file was further 
analyzed using Statistical Analysis of Metagenomic Profiles (STAMP) software package v2.1.3.

Data analysis
Statistical analysis was conducted using GraphPad Prism version 8.0 software. Two-group comparisons were 
performed with unpaired Student’s t-test, and P values were reported. The results were shown as mean ± standard 
error of the mean.

Results
Hypoxia-Induced multidimensional pathological changes in intestinal tissue of neonatal 
mice
Ileum and distal colon tissues were collected on day P10 and subjected to histochemical staining for examination 
(Fig. 1A). H&E staining revealed that hypoxia-induced significant localized abnormalities in the fold morphology 
of the distal colon, including irregular epithelial structure and the disappearance of typical crypt structure 
(Fig. 1B). Furthermore, the examination of ileum tissues showed a marked decrease in the number of long villi, 
an increase in the size of absorptive cells, and an elevated number of goblet cells (Fig. 1B).

F4/80 histochemical staining of distal colonic tissue sections revealed a significant increase in macrophage 
inflammatory indices in the hypoxia mice compared to the control group (p = 0.0031) (Fig. 2A and B), providing 
strong evidence that hypoxia induces tissue inflammation. Furthermore, AB-PAS staining showed that, 
compared to normoxia mice, hypoxia mice exhibited an increase in acidic mucins (blue) and an enlargement 
of mucus granule size in the colon significantly (p = 0.0119) (Fig. 2C and D). Additionally, immunofluorescence 
staining for zonula occludens-1 (ZO-1), a key member of the tight junction complex in the intestinal barrier, 
showed robust and continuous expression in the epithelial cell layer of the control group while decrease and 
discontinuous expression in the hypoxia group (Fig. 2E), which suggests impaired intestinal barrier integrity.

Hypoxia disrupts transcriptional landscapes governing intestinal barrier function
To elucidate the mechanisms underlying hypoxia-induced intestinal barrier dysfunction, we conducted an 
analysis of mRNA expression in key functional genes (Fig. 3A).

Antimicrobial peptide-associated genes in ileum
Significant downregulation was observed in Lyz (p = 0.004), Ang4 (p = 0.0434), and Defa20 (p = 0.0072), whereas 
Defa3 exhibited a marked upregulation (p = 0.0398). Although Defa5 showed an upward trend, its alteration 
lacked statistical significance. No significant changes were detected in Defa5 or Pla2g4a expression (Fig. 3B). 
These transcriptional shifts collectively indicate compromised intestinal antibacterial capacity and immune 
defense. Hypoxia exposure differentially modulated the expression of ileum antimicrobial peptide genes.

Primers Sequence (5’→3’) bp

Meprin-β-F ​C​A​G​G​C​A​A​G​G​A​A​C​A​C​A​A​C​T​T​C 20

Meprin-β-RV ​T​C​T​G​T​C​C​C​G​T​T​C​T​G​G​A​A​A​G 19

Cldn2-F ​T​G​T​G​A​A​T​G​A​A​C​T​G​A​A​G​G​A​A​A​G​C 22

Cldn2-RV ​A​T​C​C​T​G​C​A​C​C​C​A​G​C​T​G​T​A​T​T 20

Cldn4-F ​T​T​T​T​G​T​G​G​T​C​A​C​C​G​A​C​T​T​T​G 20

Cldn4-RV ​T​G​T​A​G​T​C​C​C​A​T​A​G​A​C​G​C​C​A​T​C 21

ZO-1-F ​G​C​C​G​C​T​A​A​G​A​G​C​A​C​A​G​C​A​A 19

ZO-1-RV ​T​C​C​C​C​A​C​T​C​T​G​A​A​A​A​T​G​A​G​G​A 21

Cldn-1-F ​G​G​G​G​A​C​A​A​C​A​T​C​G​T​G​A​C​C​G 19

Cldn-1-RV ​A​G​G​A​G​T​C​G​A​A​G​A​C​T​T​T​G​C​A​C​T 21

Ocln-F ​T​T​G​A​A​A​G​T​C​C​A​C​C​T​C​C​T​T​A​C​A​G​A 23

Ocln-RV ​C​C​G​G​A​T​A​A​A​A​A​G​A​G​T​A​C​G​C​T​G​G 22

Gapdh-F ​A​G​G​T​C​G​G​T​G​T​G​A​A​C​G​G​A​T​T​T​G 21

Gapdh-RV ​T​G​T​A​G​A​C​C​A​T​G​T​A​G​T​T​G​A​G​G​T​C​A 23

Table 1.  Primer sequence.
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Ion transport-related genes in ileum
Transcriptional profiling about ion transport-related genes revealed distinct regulatory patterns. Upregulated 
genes included Cftr (p = 0.0097) and Nhe3 (p = 0.0099), both showing statistically significant increases, while 
Slc26A6 displayed a non-significant upward trend. Conversely, Nkcc1 and Slc26A3 were downregulated, with 

Fig. 2.  Histochemical staining of colon tissue section. (A) Immunohistochemical staining for macrophage 
marker protein F4/80. (B) Statistical analysis of relative positive area based on the staining in panel. (C) 
AB-PAS staining, where acidic mucus appears light blue, and glycogen and neutral mucus appear violet. (D) 
Statistical analysis of mucus granule size based on the staining in panel. (E) Scale bars are indicated in the 
figures. E. Immunofluorescence staining for the tight junction protein ZO-1.

 

Fig. 1.  (A) Diagram for Constructing a Mouse Model of Neonatal Hypoxia. (B) H&E staining of distal colon 
and ileum tissue and partially enlarged view. The black arrows indicate the goblet cell.

 

Scientific Reports |        (2025) 15:15285 5| https://doi.org/10.1038/s41598-025-00041-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Nkcc1 reduction reaching significance (p = 0.0282). This bidirectional regulation suggests hypoxia-induced ionic 
imbalance in intestinal epithelium.

Inflammatory cytokine-related genes in colon
Pro-inflammatory cytokine genes (IL-6, TNF-α, IL-17, IL-1β, IFN-γ) were uniformly upregulated post-hypoxia 
(p = 0.0218, p = 0.0302, p = 0.0065, p = 0.0236, p = 0.0402, separately), confirming intestinal inflammatory 
activation.

Endocrine-associated genes in colon
Hypoxia significantly attenuated the expression of key endocrine regulators, including Instl5 (p = 0.0227) and 
Neurog3 (p = 0.0181), with Sct showing a non-significant downward trend. In contrast, Agr2 expression was 
notably elevated (p = 0.007).

Goblet cell maturation and mucus secretion-related genes in colon
Goblet cell maturation marker Klf4 was significantly reduced (p = 0.0428), accompanied by dysregulated mucus 
secretion genes, Muc2/3 were significant upregulated (p = 0.031, p = 0.0298, separately) whereas Meprin-β was 
downregulated (p = 0.0124).

Tight junction complex genes in colon
All examined tight junction-associated genes, including ZO-1, Cldn1, Cldn2, Cldn4 and Ocln, exhibited significant 
transcriptional suppression (p = 0.0378, p = 0.0178, p = 0.039, p = 0.0437, separately), indicating hypoxia-induced 

Fig. 3.  Changes in the transcription levels of the genes are related to the structure and function of the 
intestinal barrier in the ileum or colon. (A) The schematic diagram of functional genes was created with 
Microsoft® PowerPoint® 2016MSO (version 2503 Build 16.0.18623.20208). (B) Bar chart of the relative mRNA 
levels of genes.
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disruption of intestinal mucosal barrier integrity. This compromised junctional architecture likely facilitates 
pathogenic infiltration and inflammatory cascade initiation.

Hypoxia led to disruption in gut microbiota composition and changes in microbial 
metabolism
To evaluate the impact of hypoxia on the gut microbiota in neonatal mice, 16 S rDNA sequencing was performed. 
As identified using weighted UniFrac principal coordinate analysis (PCoA), hypoxia altered the microbiota 
structure of neonatal mice. It is clearly observable that the confidence ellipse of the bacterial community in 
the neonatal hypoxia group has a significant deviation compared to the normoxia control group (R2 = 0.5809, 
p-value = 0.035), with only a minimal overlap, and there is greater heterogeneity among the samples within the 
neonatal hypoxia group, which indicating distinctive microbiota structures (Fig. 4A). Additionally, the overall 
microbial community could be statistically distinguishable between hypoxia and normoxia control groups 
(ANOSIM Global R = 0.469, P = 0.072) (Fig. 4B). The observed species and the richness reflected by the Chao1 
index (0.1143), and the diversity and evenness represented by the Shannon (0.0571) and Simpson (0.3429) indexes 
of the gut microbiota were all affected by neonatal hypoxia, although the decrease is not significant (Fig. 4C). 
The top 10 micro-organisms at the family level are shown in Fig. 4D. The dominant microbiota constituents 
of the two samples at the family level were Pasteurellaceae and Bacteroidaceae. The relative abundance of Bac_
Prevotellaceae, Vei_Selenomonadaceae, Bur_Sutterellaceae and Pas_Pasteurellaceae decreased significantly and 
that of Lac_Lactobacillaceae increased significantly after neonatal hypoxia (Fig. 4E).

LEfSE (LDA Effect Size) analysis (LDA score > 2) analysis presents the dominant markers with significant 
differences between groups (Fig. 5A). The enriched taxa in the control and CTL exposure microbiota (from colon 
contents) are represented through a cladogram (Fig. 5B). Based on the Bugbase tool’s prediction of microbiota 
phenotypic characteristics, there are significant differences between the two groups in the phenotypic features of 
aerobic (oxygen-requiring), contains mobile elements, and potentially pathogenic (Fig. 5C).

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States2 (PICRUSt2) was further 
used to predict the metabolic functions of the changed microbe (Show only the top 10). Cluster analysis of the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway revealed the difference of the key target genes 
primarily on the metabolic pathway of glucose and fatty acid. Specifically, it includes glycolysis/gluconeogenesis, 
citrate cycle (TCA cycle), pentose phosphate pathway, pentose and glucuronate interconversions, fructose and 
mannose metabolism, galactose metabolism, ascorbate and alternate metabolism, fatty acid biosynthesis, fatty 
acid metabolism, synthesis and degradation of ketone bodies between the two groups (Fig. 5D). And the reads 

Fig. 4.  Analysis of Community Composition of the gut microbiota in mice. (A) UniFrac principal co-ordinate 
analysis (PCoA) (n = 4). Each point in the figure represents a sample, and points of the same color belong to 
the same group. The distance between points reflects the similarity between samples. (B) Anosim test result 
for β-diversity is used to examine whether the differences between groups are significantly greater than the 
differences within groups, thereby determining the significance of the grouping. (C) Boxplot of α-diversity 
analysis (Shannon, Simpson, and Chao1 index) is used to assess the richness and diversity of microbial species 
within samples. (D) Bar chart of the top 10 species in terms of relative abundance at the family level. The 
horizontal axis represents samples, and the vertical axis represents relative abundance. “Others” indicates the 
sum of the relative abundances of all families not included in these top10. (E) Five families with significant 
differences. Values are presented as means ± SEM (n = 4).
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abundance related to these pathways has significantly increased after hypoxia. Given that hypoxia is a significant 
inducer of neonatal encephalopathy, leading to arrested myelination in the brain, the KO gene annotations of 
the pathways were further translated into the results of neurotransmitter-related gene modules (GBM) using the 
omixer-rpm tool. Genes related to inositol synthesis, quinolinic acid degradation, isovaleric acid synthesis II 
(KADC pathway), S-Adenosylmethionine(SAM) synthesis, butyrate synthesis I, GABA degradation, glutamate 
synthesis I, ClpB (ATP-dependent chaperone protein), acetate synthesis II, dopamine degradation, acetate 
synthesis III, acetate synthesis I were significantly upregulated (Fig.  5E). Based on aforementioned findings, 

Fig. 5.  LEfSE (LDA Effect Size), Bugbase and PICRUSt 2 analyses. (A) The LDA score and enriched taxa of 
the intestinal microbiota after neonatal hypoxia, compared with normoxia. The colors of the bars represent 
different groups, while the lengths of the bars indicate the LDA scores, reflecting the degree of impact of 
significantly different species between different groups. (B) The enriched taxa in the control and neonatal 
hypoxia microbiota are represented through a cladogram. In the evolutionary tree plot, the circles radiating 
from the inside out represent taxonomic levels from phylum to genus. Each small circle at different taxonomic 
levels represents a classification at that level, and the diameter of the small circle is proportional to its relative 
abundance. Coloring principle: Species without significant differences are uniformly colored yellow, while 
Biomarker species with differences are colored according to their respective groups. Red nodes indicate 
microbial taxa that play an important role in the red group, and green nodes indicate microbial taxa that play 
an important role in the green group. The species names represented by English letters are displayed in the 
legend on the right (for aesthetic purposes, only the different species from phylum to family are displayed by 
default on the right). Note: The species names represented by English letters are also displayed in the legend 
at the bottom of the figure. (C) Phenotypic characteristic analysis of Bugbase tool’s prediction. The three lines 
in the graph, from top to bottom, represent the upper quartile, mean, and lower quartile, respectively. (D) The 
predicted differences in the KEGG metabolic pathways (Shown top 10). (E) The predicted differences in the 
GBM (Gut-Brain) metabolic pathways (Shown top 10).
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a general significant upregulated has been observed in the gene mapping of relevant metabolic pathways, 
suggesting an increase in the metabolic activity of the gut microbiota following hypoxia.

Discussion
Our study revealed that neonatal mice subjected to hypoxic conditions developed significant pathological 
alterations in both ileum and colonic tissues, indicating that hypoxia may disrupt normal intestinal development 
and induce tissue-specific structural and functional impairments. The apparent changes in mucus particle size 
and mucus properties may reflect abnormal development of goblet cells and mucus secretion27 Interestingly, 
these observed mucin secretory disturbances and modifications in mucus characteristics mirror pathological 
responses typically associated with infectious enteropathies, where goblet cell proliferation and enhanced mucus 
production serve as protective mechanisms to shield damaged mucosa or facilitate pathogen entrapment and 
clearance. Emerging evidence indicates that goblet cell dysgenesis is closely associated with dysregulation of 
WNT and NOTCH signaling pathways. Enhanced WNT signaling leads to excessive proliferation of secretory 
progenitors28. Conversely, inhibition of NOTCH signaling results in a dramatic shift toward secretory lineage 
differentiation, particularly favoring goblet cell expansion29. This bidirectional regulatory axis offers novel 
therapeutic perspectives: targeted modulation of WNT/NOTCH signaling demonstrates mucosal repair 
potential in goblet cell-deficient pathologies like ulcerative colitis30, whereas selective inhibition of pathway 
components may restore epithelial homeostasis in hyperplastic conditions. Deciphering the regulatory 
mechanisms governing goblet cell differentiation and mucus secretion holds substantial clinical significance for 
developing precision therapeutic strategies.

Hypoxia-induced changes in transcription levels of functional genes in the ileum and colon revealed 
multidimensional molecular dysregulation. Immune homeostasis imbalance shows overall downregulation of 
antimicrobial peptide-related genes, indicating impaired intestinal innate immune defense, while upregulated 
pro-inflammatory cytokine genes demonstrate aberrant activation of inflammatory cascades. This molecular 
signature corroborates histopathological findings showing increased infiltration of F4/80-positive macrophages. 
Disordered ion transporter gene expression may disrupt luminal electrolyte balance, contributing to 
malabsorption and pro-inflammatory microenvironment formation. The dysregulated expression of core 
mucin genes (Muc1/2/3) in goblet cells, combined with suppressed Meprin-β (essential for Muc2 proteolytic 
processing)31, creates a mucus production-degradation imbalance. This pathophysiological alteration correlates 
with AB-PAS staining observations of enlarged mucus granules and modified mucus properties consistent with 
inflammatory bowel disease (IBD) pathology. In addition, Hypoxia significantly suppresses insulin-like peptide 5 
(Insl5), an orexigenic hormone specifically expressed by colonic enteroendocrine cells (EECs)32. This regulatory 
mechanism, as well as multiple intestinal injuries, may explains the observed weight loss seen in hypoxic-mice 
(data not shown). And the diminished Neurog3 expression in EEC progenitor triggers lineage differentiation 
bias, driving abnormal goblet cell proliferation and resulting in pathological thickening of the mucus layer33. 
Concurrently, activation of the Agr2 pathway reflects endoplasmic reticulum stress, collectively disrupting EECs’ 
hormonal secretion homeostasis and ultimately creating a vicious cycle that accelerates intestinal pathological 
progression34. Downregulation of tight junction components, suggesting compromised epithelial junction 
structures that may increase intestinal permeability. This defect could facilitate luminal pathogen translocation 
and systemic inflammation propagation. Taking ZO-1 as an example, the results of immunofluorescence staining 
also confirmed the decrease in transcription levels.

The normal structure and functional operation of the intestine are inseparable from a healthy gut microbiota. 
The gut microbiota plays multiple roles, with functions encompassing the digestive process and nutrient 
absorption, regulation of immune responses, protection of the intestinal barrier, interaction and communication 
with the nervous system, as well as the precise regulation of metabolic processes. The development and 
progression of a multitude of diseases are intricately tied to disruption in the gut microbiota, underscoring 
the importance of maintaining gut microbiota homeostasis in promoting overall health. Following neonatal 
hypoxia, alterations in the gut microbiota of mice have revealed significant changes in the abundance of dominant 
bacterial taxa, with the family Prevotellaceae in the colon being closely linked to the onset and progression of 
various diseases. Specifically, studies have demonstrated a strong positive correlation between Prevotellaceae 
and the occurrence of Autism Spectrum Disorder(ASD)35,36. Children diagnosed with ASD exhibit a reduced 
abundance of Prevotellaceae37,38. Similarly, decreased levels of Prevotellaceae have also been observed in patients 
with Parkinson’s Disease (PD)38 and Multiple Sclerosis39,40. The potential mechanism underlying the association 
between this bacterial family and neurological diseases may involve the inhibition of arginine metabolism due 
to the reduction of Prevotellaceae, leading to elevated levels of nitric oxide, which could contribute to abnormal 
neurodevelopment and the pathogenesis of ASD. Additionally, a lack of Prevotellaceae has been reported in 
individuals with hypertension41. Furthermore, variations in the abundance of Sutterellaceae within the colon 
have been implicated in the development of conditions such as ASD, inflammatory bowel disease (IBD), obesity, 
and possibly hypertension41. Regarding the families Selenomonadaceae and Pasteurellaceae, the impact of their 
reduced abundance in the colon and their specific associations with particular diseases remain incompletely 
understood. Notably, neonatal hypoxia induces a significant increase in the abundance of Lactobacillaceae in 
the mouse gut. Lactobacillaceae, which are widely present in nature and within hosts (including humans and 
animals), primarily participate in processes such as glycolipid metabolism. This family encompasses various 
probiotics that play pivotal roles in regulating gut microbiota balance, inhibiting the growth of harmful bacteria, 
facilitating food digestion and nutrient absorption, enhancing host immunity, and combating inflammatory 
responses. However, alterations in their abundance within the colon may also modify the host’s metabolic state 
and potentially trigger diseases. The increase in the abundance of Lactobacillaceae in the gut of neonatal mice 
following hypoxia may be a compensatory stress response to intestinal inflammation and decreased immunity, 
although the exact cause remains to be elucidated.
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Using PICRUSt2, it is predicted that changes in gut microbiota structure induce alterations in gene function, 
primarily characterized by a widespread upregulation of glycolipid metabolism activity. We hypothesize 
that hypoxia, as an environmental stressor, drives the gut microbiota to adjust in a direction that favors host 
metabolism, either by enhancing metabolic activity, altering metabolic pathways, or both, to adapt to the 
environmental conditions. Alternatively, hypoxia may enable certain metabolically advantageous bacteria to 
proliferate compensatory, thereby taking a dominant position and enhancing the metabolic capacity of the gut 
microbiota. It is also plausible that hypoxia indirectly affects the metabolic capacity of the gut microbiota by 
altering the host’s metabolic state, for instance, by inducing the production of more metabolites or regulatory 
factors that serve as signaling molecules to influence the metabolic activity of the gut microbiota.

Neonatal encephalopathy is one of the main complications of perinatal hypoxia, characterized by abnormal 
development of myelin sheaths in the central nervous system, consistent with the body tremors observed in 
hypoxic mice, thus neurotransmitter metabolism has received our attention. Enhanced degradation of the 
neurotoxin quinolinic acid42,43 and increased butyrate synthesis44 demonstrate protective antioxidant and anti-
inflammatory responses. Conversely, elevated S-adenosylmethionine (SAM) production (potentially from 
inflammatory macrophages) and accumulated isovaleric acid may exacerbate neurological symptoms45,46. 
Imbalanced neurotransmitter dynamics - particularly reduced GABA degradation alongside elevated glutamate 
synthesis - could disrupt excitation - inhibition equilibrium, increasing neurological risks47. Additionally, 
abnormal dopamine degradation leading to neurotransmitter depletion may contribute to Parkinsonian 
symptoms and mood disorders48.

During infancy, there is a rapid expansion in gut microbiota diversity, followed by a gradual slowdown. 
The age-differentiated microbial communities are taxonomically and functionally distinct, thus perturbation 
of early-life gut microbiota may contribute to subclinical inflammation that precedes childhood disease 
development18. Recent advancements in various metagenomic studies, coupled with epidemiological research, 
have enabled researchers to systematically dissect molecular bridges between specific microbial signatures and 
disease phenotypes, providing theoretical foundations for developing microbiota-modulating interventions 
such as targeted probiotic therapies49. Of particular concern, neonatal hypoxia exposure emerges as a significant 
developmental disruptor with profound implications for long-term health outcomes. Epidemiological evidence 
indicates that early-life gut dysbiosis may serve as a potential trigger for pediatric and adult-onset diseases, 
encompassing inflammatory bowel diseases50, immune metabolic disorders51, and even neurodevelopmental 
abnormalities52,53. Therefore, establishing a multidimensional longitudinal research framework post-hypoxic 
exposure, incorporating systematic monitoring of intestinal histopathological progression, microbiota ecological 
reconstitution, host growth trajectories, and neurobehavioral phenotypes, will provide crucial evidence for 
elucidating the intricate relationship between early environmental stressors and gut-host health homeostasis.

Data availability
Raw data from 16 S rDNA sequencing during the current study are available in the [NCBI] ​r​e​p​o​s​i​t​o​r​y​[​​h​t​t​p​s​:​​/​/​
w​w​w​.​​n​c​b​i​.​n​​l​m​.​n​i​h​.​g​o​v​/​b​i​o​p​r​o​j​e​c​t​/​P​R​J​N​A​1​2​4​3​5​4​1​]​. All other data are available from the corresponding author 
upon reasonable request.
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